Introduction
Mammalian mastication is a rhythmic, cyclic activity, the rhythmic components of which are controlled by at least one central pattern generator located in the lateral reticular formation in the brainstem or the principal sensory nucleus of the trigeminal (Lund et al., 1998; Tsuboi et al., 2003; Westberg et al., 2001) . To facilitate effective occlusion without damaging the teeth, masticatory movements and forces must be adjusted in response to variation in material properties of the food, between and within chewing sequences and cycles (Agrawal et al., 2000; Ahlgren, 1976; Anderson et al., 2002; Blanksma and Van Eijden, 1995; Ottenhoff et al., 1993; Ottenhoff et al., 1992; Ottenhoff et al., 1996; Peyron et al., 2002; Proschel and Hofmann, 1988) . This active adjustment of movement and force by the central nervous system (CNS) in response to variation in some external variable is referred to here as modulation (Deban et al., 2001; Herrel et al., 2001) . Evidence of modulation is usually derived from systematic covariation between external variables (e.g. sex of the subject, material properties of foods or objects placed between the teeth, external forces applied to the system) and the behavior of the subject, as quantified by kinematic or electromyographic variables (Anderson et al., 2002; Buschang et al., 2000; Hidaka et al., 1997; Lavigne et al., 1987; Lund et al., 1998 ; Morimoto et al.,
Modulation of force during mammalian mastication provides insight into force modulation in rhythmic, cyclic behaviors. This study uses in vivo bone strain data from the mandibular corpus to test two hypotheses regarding bite force modulation during rhythmic mastication in mammals: (1) that bite force is modulated by varying the duration of force production, or (2) that bite force is modulated by varying the rate at which force is produced. The data sample consists of rosette strain data from 40 experiments on 11 species of mammals, including six primate genera and four nonprimate species: goats, pigs, horses and alpacas. Bivariate correlation and multiple regression methods are used to assess relationships between maximum (⑀ 1 ) and minimum (⑀ 2 ) principal strain magnitudes and the following variables: loading time and mean loading rate from 5% of peak to peak strain, unloading time and mean unloading rate from peak to 5% of peak strain, chew cycle duration, and chew duty factor. Bivariate correlations reveal that in the majority of experiments strain magnitudes are significantly (P<0.001) correlated with strain loading and unloading rates and not with strain loading and unloading times. In those cases when strain magnitudes are also correlated with loading times, strain magnitudes are more highly correlated with loading rate than loading time. Multiple regression analyses reveal that variation in strain magnitude is best explained by variation in loading rate. Loading time and related temporal variables (such as overall chew cycle time and chew duty factor) do not explain significant amounts of additional variance. Few and only weak correlations were found between strain magnitude and chew cycle time and chew duty factor. These data suggest that bite force modulation during rhythmic mastication in mammals is mainly achieved by modulating the rate at which force is generated within a chew cycle, and less so by varying temporal parameters. Rate modulation rather than time modulation may allow rhythmic mastication to proceed at a relatively constant frequency, simplifying motor control computation. Masticatory bone strain and bite force modulation 1989; Nakajima et al., 2001 ). These studies reveal that descending control and afferent information from muscle spindles, Golgi tendon organs, and stretch receptors in the periodontal and 'periarticular' ligaments modulate the motor program and temporal and spatial patterns of jaw movement (Sessle, 2006) .
Modulation of the magnitude and orientation of the bite force is less well documented, primarily because bite force is difficult to measure directly in vivo during mastication. Some workers have related variation in EMG patterns to variation in bite force orientation and magnitude during isometric biting on a bite force transducer (Blanksma et al., 1997) ; others have measured bite force orientations and/or magnitudes from intra-oral implants in edentulous (MericskeStern et al., 1992) or partially dentate (Lundgren and Laurell, 1986) subjects. These studies have various limitations, the most serious of which is destruction of the periodontal ligament afferents employed to modulate bite force production (Trulsson, 2006 ).
An alternative method for investigating bite force modulation is to use bone strain from the mandibular corpus below the molar teeth as an indirect estimate of changes in bite force (Hylander, 1977; Hylander, 1986; Weijs and De Jong, 1977) . This method has the advantage of being easy to apply to a wide range of animals without significantly impacting normal masticatory function. Empirical support for the relationship between bite force and mandibular bone strain comes from Hylander's investigation of mandibular corpus bone strain data during isometric biting on a force transducer (Hylander, 1977; Hylander, 1979; Hylander, 1986 ). Hylander reports "that when bite-point position is held constant, there is a high positive correlation between the magnitude of peak bite force and peak mandibular bone strain during isometric biting in both macaques and galagos", concluding that "bone-strain patterns along the working side of the mandible are a good indicator of bite-force patterns during the power stroke" [Hylander (Hylander, 1986), p. 149] . These data suggest that mandibular corpus bone strain data may provide insight into modulation of bite force during mastication in mammals (Weijs and De Jong, 1977, p. 647) .
Hypotheses
The primary aim of this study is to determine how bite force is modulated during rhythmic mastication in mammals. Because patterns and mechanisms of force modulation also impact other temporal aspects of chewing cycle dynamics, the relationship between corpus bone strain magnitude -a proxy for bite force -and both chewing cycle duration and chewing 'duty factor' are also evaluated (where duty factor is the percentage of the chewing cycle over which the jaw is loaded). Specifically, the present study used bone strain data from a range of mammals to examine how strain magnitude in the mandibular corpus and, by inference, bite force, are related to the loading and unloading rates, loading and unloading times, overall chew cycle time, and chewing 'duty factor'.
The possible relationships between strain magnitude, and loading time and rate are easily understood by modeling the loading portions of the strain profile as a triangle, with strain magnitude represented by the vertical limb of the triangle, loading time by the base, and loading rate as strain magnitude/loading time (Fig. 1) .
Strain magnitude can be increased by increasing loading time while maintaining a constant load rate (top row, Fig.·1 ), increasing load rate while maintaining a constant load time (bottom row, Fig.·1 ), or some combination of the two. If strain magnitude is increased by increasing loading time (i.e. timemodulated), then either chewing duty factor must increase, overall cycle time must increase (i.e. chewing frequency must decrease), or both. This hypothesis predicts that variation in strain magnitude will be positively correlated with variation in load time, will not be correlated with strain rate, and will be correlated with increases in chewing duty factor and cycle time. Empirical support for this hypothesis derives from studies demonstrating that increases in hardness of objects placed between the teeth during cortically evoked rhythmic jaw movements (CRJMs) are associated with increases in cycle time (Hidaka et al., 1997; Lavigne et al., 1987; Liu et al., 1998; Liu et al., 1993) . Time-modulation of force is also suggested by data showing that when harder foods are chewed there are increases in cycle time, increases in the duration of the slow close or power stroke phase of the chewing cycle, and/or increases in burst durations of jaw adductor muscles (Kakizaki Weijs and Dantuma, 1981; Yamada and Haraguchi, 1995; Yamada and Yamamura, 1996) . If strain magnitude is increased by increasing load rate without increasing load time (i.e. rate-modulated), cycle time will remain relatively constant and there need not be changes in cycle time or duty factor. This hypothesis predicts that variation in strain magnitude will be positively correlated with variation in strain rate, and not with variation in load time, chewing duty factor, or cycle time. Theoretical support for this hypothesis derives from considerations of the consequences of orderly recruitment of motor units, the primary mechanism for force modulation at low force amplitudes during mastication (Goldberg and Derfler, 1977; Hannam and McMillan, 1994; Scutter and Türker, 1998) and locomotion (Fournier and Sieck, 1988; Hennig and Lomo, 1987; Tansey et al., 1996) . If the small motor neurons, which innervate small motor units consisting of slow twitch fibers, are recruited first, followed by progressively larger motor neurons and motor units consisting of faster fiber types, then increases in bite force will necessarily be achieved in a constant or decreasing time period. The evidence for the orderly recruitment of motor units during mastication is summarized in the Discussion. Weijs and DeJongh have presented empirical support for this hypothesis (Weijs and DeJongh, 1977) , and their data show that differences in strain magnitudes when chewing different foods are accounted for by differences in strain rate. In addition, their EMG data (Weijs and Dantuma, 1981) reveal that increases in vertical components of jaw elevator muscle force are achieved via increases in rate of force development.
While modulation of bite force and correlated changes in bone strain magnitudes during the loading portion of the chewing cycle is to be expected in theory and is suggested empirically, it is less clear that modulation during the unloading portion of the chewing cycle will be functionally related to bite force modulation. Muscles acting to move the teeth out of occlusion (e.g., balancing side deep masseter) and open the jaws (digastric, mylohyoid, geniohyoid) do strain the mandible after centric occlusion, and modulation of mandibular loading might be expected in relation to these forces. However, strain during unloading of the mandible is thought to be primarily affected by the relaxation characteristics of the jaw elevator muscles (Hylander and Johnson, 1993; Hylander and Johnson, 1994; Hylander et al., 1987; Luschei and Goodwin, 1974) .
Materials and methods
Data sample The mandibular bone strain data analyzed for this study (Table·1) were recorded in three different laboratories in connection with other studies (Herring and Teng, 2000; Hylander et al., 1998; Liu et al., 2004; Liu and Herring, 2000a; Liu and Herring, 2000b; Rafferty, 2005; Ravosa et al., 2000; Ross and Hylander, 1996; Thomason et al., 2001; Williams, 2004) . Data were available for 3084 chewing cycles from 31 individuals of 11 species, including seven species of primates (four anthropoid and three strepsirrhine species), as well as goats (Capra), horses (Equus caballus), alpacas (Lama pacos), and miniature pigs (Sus) (Table·1). The data were collected in 40 experimental sessions, referred to hereafter as 'experiments'. Data were collected from four of the primate subjects in two separate experiments.
The data were collected with either delta or rectangular rosette strain gages. Gage location varied between experiments, although all the data discussed here were collected from the lateral aspect of the mandibular corpus below the molars or premolars. Some gages were placed close to the lower (ventral) border of the mandibular corpus, others at mid-corpus height (Table·1). The gages were placed on the mandibular corpora with the animals under sedation with ketamine (primates at Duke University); or anesthesia with isoflurane (primates at Stony Brook University); isoflurane and nitrous oxide (goats at University of Washington); 5·mg·kg -1 ketamine, 0.05·mg·kg ketamine administered IV every 10-15·min, as needed (Riebold et al., 1995) . The periosteum was scraped away from the gage sites, the bone degreased, and the gages bonded to the bone using cyanoacrylate adhesive. The lead wires were run out through the incision sites, which were sutured closed. The gage elements were connected to standard strain amplifiers, i.e. as one arm of a Wheatstone bridge, and the elements calibrated using shunt calibrations. Various other kinds of data were often recorded simultaneously, such as electromyographic data, or strain data from other sites, but these data are not discussed here.
After the animals recovered from anesthesia, strain data were recorded the same day. The animals were presented with a range of food types, depending on the species (Table·1). Data were either recorded on analog tape and digitized later using A/D boards in personal computers (e.g. data from the Hylander laboratory at Duke University), or digitally recorded directly to computer (data from the Ross and Herring laboratories). The digitizing frequencies are given in Table·1. Using the calibration files, the raw data files were converted to microstrain. The rosette data were used to calculate magnitudes and orientations of principal strains. Strain (⑀), a dimensionless unit equaling the change in length of an object divided by its original length, is measured in microstrain (⑀) units that are equal to 1ϫ10 -6 strain. Tensile strain is registered as a positive value, and compressive strain as a negative value. The maximum principal strain (⑀ 1 ) is usually the largest tensile strain value, while the minimum principal strain is usually the largest compressive strain value (⑀ 2 ).
The principal strain values were imported into IGOR Pro 4.0 (WaveMetrics, Lake Oswego, OR, USA) where the following variables were extracted from each chewing cycle (see Fig.·2 ):
(1) Peak strain magnitude: the magnitude of the largest values of ⑀ 1 and ⑀ 2 during the closing stroke;
(2) Peak strain timing: the time at which peak strain magnitudes (⑀ 1 and ⑀ 2 ) were reached; (3) 5% timing: the time at which 5% of peak strain magnitude was reached in loading and unloading; (4) Load time: the amount of time between 5% of peak strain in loading and peak strain; (5) Cycle time: the duration of the chewing cycle, estimated as the average of the times from the preceding peak to the current peak, and from the current peak to the following peak; (6) Unload time: the amount of time between peak strain and 5% of peak in unloading; (7) Standardized load time (load time STD): load times expressed as a percentage of overall cycle time;
(8) Duty factor: total load time as a percentage of chewing cycle time, i.e. the percentage of the cycle during which the mandible is loaded; (9) Load rate: for each chew cycle, the average loading rate between 5% of peak and peak, i.e. ␦y/␦x, where ␦y=peak magnitude and ␦x=load time (10) Unload rate: for each chew cycle, the average unloading rate between peak strain and 5% of peak strain, i.e. ␦y/␦x, where ␦y=peak magnitude and ␦x=unload time
The duration of loading, unloading, loading rate and unloading rate are measured from the first occurrence of 5% of peak, rather than zero, strain in each power stroke because the strain profile often does not drop to zero between the strain associated with the opening phase and that associated with closing. These strains are particularly prevalent in taxa that chew rapidly and experience significant corpus strains during jaw opening (e.g. Fig.·2 ). Ingestion cycles (cycles in which food is brought into the mouth) were excluded and data were only included from chewing cycles in which the animals chewed ipsilateral to the corpus strain gages; i.e. only working side bone strain data are examined here. Chewing side was determined using EMG patterns and/or jaw kinematic data. Chewing sequences were only selected for study if there were five or more cycles of rhythmic chewing. Because cycle time is calculated using the relative timing of three successive strain peaks, data on strain magnitude, rate and duration from the first and last noningestion cycles in each chewing sequence were not analyzed, although these cycles were used to calculate cycle durations/ frequencies for neighboring cycles. Most of the data sets did not allow puncture-crushing cycles, tooth-tooth contact cycles and swallowing cycles to be distinguished, so the data set includes all three. Primates are known to intercalate multiple swallows into a chewing sequence (Hylander et al., 1987; Thexton and Hiiemae, 1997) , as may other species as well.
Data from all food types were pooled and analyzed together. Analyses of the data separated by food type revealed no foodrelated deviations from the patterns reported below.
Statistical analyses
To determine whether bite force is modulated by changes in load time and/or load rate, and whether there are resulting changes in chewing duty factor and cycle time, bivariate correlation coefficients were calculated within each experiment between strain magnitude (⑀ 1 and ⑀ 2 ) and load time, load time STD, load rate and cycle time. To investigate relationships between strain magnitude and strain profiles in unloading, correlations between strain magnitude and unload time, and unload rate were also calculated. To determine whether bite force is modulated through changes in duty factor, correlations between strain magnitude and duty factor were also calculated. If the data did not meet the assumptions of parametric statistics (i.e. skewness and kurtosis), either when untransformed or when transformed to log 10 , Spearman's rho was calculated. Correlations between normally distributed and homoscedastic data combinations were estimated using Pearson's r. For each set of comparisons, significance was assessed relative to a critical value of P=0.001 [0.05/(n experiments)= 0.05/ 40= 0.001], as well as the standard, less conservative, levels of significance, PϽ0.05, PϽ0.01.
Multiple regression models were run with strain magnitude as the dependent variable and load time and strain rate as the independent variables to determine which of these variables has the greatest influence on strain magnitude. This was assessed using beta coefficients. Beta coefficients are standardized Time (s)
Time of 5% of peak Time of peak
Fig .·2 . Illustration of variables extracted from the strain data. Plot of ⑀ 1 magnitude recorded from lateral aspect of the mandibular corpus of owl monkey 1 in experiment 9 (data from C.F.R. and W.L.H., recorded at Duke University). Three chews ipsilateral to the strain gage are shown. The strain profile between power strokes does not return to zero because of strain in the mandible during opening. The following data were extracted from each power stroke: time (open circles) and magnitude (black circles) of peak strain, and time at which 5% of peak strain was reached in loading (grey circles). The duration of loading was calculated as the time from 5% of peak to strain to peak strain; the loading rate was calculated as peak strain magnitude divided by duration of loading. Cycle time for each cycle was estimated as the duration of time from the preceding peak to the following peak, divided by 2. In the case of the middle cycle in this figure, cycle time=(T 3 -T 1 /2) regression coefficients obtained when all variables are standardized by conversion to z-scores. Beta coefficients express the relative standardized strengths of the effects of the independent variables on strain magnitude. The multiple regression models were run on z-scores using the General Linear Model univariate procedure in SPSS 12.0 in order to test for interaction effects. These were not significant, so the data were run again using the Multiple Regression procedure in order to simultaneously estimate the best model without interaction effects, as well as to obtain diagnostics of multicollinearity. Multicollinearity between independent variables in a multiple regression equation (in this case, load rate and load time) has significant effects on estimates of their partial slope coefficients. Specifically, the correlation between the estimators of the partial slope coefficients is the inverse of the correlation between the independent variables (Berry and Feldman, 1985) ; consequently, a high degree of multicollinearity weakens conclusions regarding the relative impacts of the two independent variables on the dependent variable. To assess the degree of multicollinearity, the correlation coefficients between strain rate and load time are also presented, along with the 'tolerance' statistic calculated by SPSS. The tolerance for a variable is the proportion of the variance in that variable not accounted for by other independent variables in the model. A low value indicates that the variable contributes little to the model independent of the other variables, and is an indicator of multicollinearity between independent variables. Various multiple regression iterations were run in order to find the model that best explains the variance in strain magnitude with all variables significant. Only data that met the assumptions of linear regression were analyzed.
Table·1. Sources of data used in this study

Results
Bivariate correlations
The bivariate correlations between ⑀ 1 magnitude and load rate, load time, load time STD, cycle time, duty factor, unload rate and unload time are given in Table·2; the bivariate correlations between ⑀ 2 magnitude and load rate, load time, load time STD, cycle time, duty factor, unload rate and unload time are given in Table·3. The results of the analyses using raw and logged data are very similar, and only the results using raw data are presented here. Fig.·3, Fig.·4, Fig.·5, Fig.·6 illustrate the relationships between ⑀ 1 magnitudes and both load rate and load time in four experiments: Experiment 71 on Eulemur, Experiment 9 on Aotus, Experiment 103 on Sus, and Experiment 16 on Capra.
Strain magnitude is significantly correlated with strain rate in the majority of experiments. ⑀ 1 magnitude is significantly (Pр0.001) correlated with ⑀ 1 load rate in 32 out of 40 experiments, and ⑀ 2 magnitude is significantly (Pр0.001) correlated with ⑀ 2 load rate in 31 out of 40 experiments. In contrast, ⑀ 1 magnitude is only significantly (Pр0.001) correlated with ⑀ 1 load time, load time STD and cycle time in 9, 17, and 3 out of 40 experiments, respectively; and ⑀ 2 C. F. Ross and others magnitude is only significantly (Pр0.001) correlated with ⑀ 2 load time, load time STD, and cycle time in 8, 6, and 4 out of 40 experiments, respectively. ⑀ 1 magnitude was significantly (Pр0.001) correlated with duty factor in 6 out of 40 experiments and ⑀ 2 magnitude was significantly (Pр0.001) correlated with duty factor in 9 out of 40 experiments.
Strain magnitude is significantly correlated with unload rate in the majority of experiments (⑀ 1 magnitude, 34/40 experiments; ⑀ 2 magnitude, 32/40 experiments). ⑀ 1 magnitude was significantly (Pр0.001) correlated with unload time in only 9 out of 40 experiments, and ⑀ 2 magnitude was Fig.·3 . Bivariate plots of ⑀ 1 magnitude in microstrain (⑀) against loading time (in s) (A) and loading rate in ⑀·s -1 (B). Data recorded during Experiment 71 on Eulemur fulvus eating apple (black circles), grapes (grey circles) and raisins (open circles). Note that there is not a significant correlation between strain magnitude and loading time (A), but there is a significant correlation between strain magnitude and loading rate (B). Although these data are not presented here, it is clear that these patterns of relationship (or lack thereof) also apply within different food types, although the nature of the relationship (i.e. the slope) may vary across food types. Values are correlation coefficients (Pearson's r, or Spearman's rho); sample size is given in parentheses. NS, not significant (P>0.05); *P<0.05; **P<0.01; ***P<0.001.
Sample sizes vary within an experiment because not all variables could be measured in all cycles.
significantly (Pр0.001) correlated with unload time in 12 out of 40 experiments. In the majority of experiments the highest correlation coefficients were observed between strain magnitude and load rate. Out of those experiments in which ⑀ 1 magnitude was significantly correlated with both load time and load rate, ⑀ 1 magnitude was only most highly correlated with load time in three experiments, one on goats and two on macaques. ⑀ 2 magnitude was not more highly correlated with load time than load rate in any experiment in which the correlation was significant.
In sum, principal strain magnitudes are most often and most highly correlated with estimates of loading rate rather than loading time. Principal strain magnitudes are also most often and most highly correlated with unloading rates, rather than unloading times.
Multiple regressions
Data on strain magnitude, strain rate and load time from 11 out of 40 experiments met the assumptions of multiple regression (i.e. were homoscedastic and normally distributed). A total of 16 multiple regression equations was calculated. In three experiments, both the ⑀ 1 and the ⑀ 2 data could be analyzed; in four experiments, only the ⑀ 1 data could be analyzed; and in Fig.·4 . Bivariate plots of ⑀ 1 magnitude in microstrain (⑀) against loading time (in s) (A) and loading rate in ⑀·s -1 (B). Data recorded during Experiment 9 on Aotus eating a range of foods. Note that there is not a significant correlation between strain magnitude and loading time (A), but there is a significant correlation between strain magnitude and loading rate (B). It is of interest that these patterns of relationship (or lack thereof) apply within most, but not all, of the different food types. Variations in these relationships within food type are not consistent across experiments. . Data recorded during Experiment 103 on Sus eating pig chow. The data are labeled by chewing sequence. Note that, across all chews, there is not a significant correlation between strain magnitude and loading time (A), but there is a significant correlation between strain magnitude and loading rate (B). Analyses of data within chewing sequences reveal that these patterns are also seen within sequences. Multiple regressions of strain magnitude against load rate and load time are highly significant, with adjusted r 2 values ranging from 0.669-0.996, all but one being >0.900. In all 16 cases, the beta (standardized partial slope) coefficients for load rate are higher (1.1-2.6ϫ higher) than those for load time. These results suggest that changes in load rate have a greater impact on strain magnitude than changes in loading time.
As expected, the magnitude of the correlation between load rate and load time is related to the 'tolerance' value. As the correlations between the independent variables (load rate and load time) increase, the tolerance values decrease, indicating effects of multicollinearity. Load rate and load time are significantly (P<0.05) correlated in 11 of the 16 calculations. In eight experiments, load rates decrease as load time increases C. F. Ross and others (negative correlations between ⑀ 1 rate and time; positive correlations between ⑀ 2 rate and time); in the other eight experiments, increases in load rate are associated with increases in load time. However, interaction effects between load rate and load time were not significant in any of the experiments, indicating that load rate and load time have independent effects on strain magnitude.
Regressions of strain magnitude against all variables together and separately (load rate, load time, load time STD, cycle time and duty factor) did not generate better models than regressions only on load rate and load time. When all variables were included, neither cycle time nor load time STD contributed significantly to the model. Similarly, when strain magnitude was regressed against load rate, load time and cycle time, only cycle time contributed significantly to the model in the case of Experiment 33 (⑀ 2 ) with an increase in adjusted r . There is not a significant correlation between strain magnitude and loading time (A), but there is a significant correlation between strain magnitude and loading rate (B). Partial regression plots illustrate relationship between dependent variable (⑀ 2 magnitude) and one independent variable, while holding the other variable constant. These partial regression plots suggest close relationships between strain magnitude and each independent variable when controlling for the other because, as quantified here, strain magnitude must be nearly completely explained by a combination of load rate and load time. (F) Increases in loading rate are accompanied by increases in loading time, reinforcing the conclusion that load time and load rate are both strategies employed to increase strain magnitude. However, examination of bivariate plots A and B reveals that load time explains little of the variance in strain magnitude. Once the effect of strain rate is accounted for, there is a weak relationship between residual strain magnitude and load time, as illustrated in E, with load time explaining much less of the variance in strain magnitude than load rate. The data from this experiment consist of two separate chewing sequences. The data from the two sequences are indicated by separate symbols, showing that the effects revealed across the whole experiment also obtain within chewing sequences. Overall, a simple regression model including only load rate and load time as independent variables best explains variance in strain magnitude. Cycle time, duty factor and load time STD do not explain significant amounts of variance over and above that accounted for by load time itself. Fig.·6 illustrates the relationships between ⑀ 2 magnitude and load time and load rate in the data from Experiment 16, as revealed by multiple regression analyses. The bivariate plots of ⑀ 2 magnitude against loading time and loading rate illustrate the lack of a significant correlation between strain magnitude and loading time (Fig.·6A) , and the significant correlation between strain magnitude and loading rate (Fig.·6B) . The partial regression plots illustrate the relationships between the dependent variable (⑀ 2 magnitude) and each independent variable while holding the other independent variable constant. These partial regression plots (Fig.·6C,D) reveal close relationships between strain magnitude and each independent variable when controlling for the other because, as quantified here, strain magnitude must be nearly completely explained by a combination of load rate and load time. However, the greater importance of loading rate in explaining variance in mandible Multiple regression statistics are presented by Experiment (identified in the 1st column). The adjusted r 2 for the model is presented in the 2nd column, and the beta coefficients for strain magnitude against each individual variable (listed in 3rd column) are given with their significance levels (4th columns). The zero-order correlation coefficients from Table·2 are reproduced in the 5th column for ease of reference, along with their significance levels, and the partial correlation coefficients for the multiple regression model (6th column). The tolerance value is given in the last column. The tolerance for a variable is the proportion of the variance in that variable not accounted for by other independent variables in the model. A low value indicates that the variable contributes little to the model independent of the other variables, and is an indicator of multicollinearity.
NS, not significant (P>0.05); *P<0.05; **P<0.01; ***P<0.001. strain magnitude is illustrated by Fig.·6E , a bivariate plot of the residual ⑀ 2 magnitude from Fig.·6B (i.e. the variance in ⑀ 2 magnitude not explained by the regression in B) against loading time. Once the effect of strain rate is accounted for, there is only a very weak relationship between residual strain magnitude and load time, as illustrated in Fig.·6E , with load time explaining much less of the variance in strain magnitude than load rate. Fig.·6F illustrates that increases in loading rate are also accompanied by increases in loading time, suggesting that increases in load magnitudes are accompanied by both increases in load rate and load time.
Discussion
This study uses mandibular corpus bone strain data to make inferences about how mammals modulate their bite forces during mastication. Two competing hypotheses were evaluated: that bite force is modulated primarily by modulating loading times, with consequent changes in chew cycle time and/or duty factor; or that bite force is modulated primarily by C. F. Ross and others modulating loading rates. Across all nine genera of mammals examined here, strain magnitude is predominantly correlated with strain load rate, and less often with cycle or loading time. In addition, strain magnitude is usually more highly correlated with strain loading rate than with loading time or cycle time. Multiple regression results confirm that changes in strain loading rate have a greater influence on strain magnitude than do changes in loading time, but they also suggest that when changes in strain loading rate are taken into account, changes in strain magnitude are consistently associated with increases in loading time. These results suggest that during rhythmic mastication in mammals, mandibular bone strain magnitude and, by inference, bite force, are increased primarily by increasing the rate at which the mandible is loaded and, to a lesser extent, by increases in the duration of loading.
Time-modulation of bite force
The results presented here stand in apparent contrast to reports by various workers that cycle duration increases with increasing hardness of foods during chewing, or of materials Multiple regression statistics are presented by Experiment (identified in the 1st column). The adjusted r 2 for the model is presented in the 2nd column, and the beta coefficients for strain magnitude against each individual variable (listed in 3rd column) are given with their significance levels (4th columns). The zero-order correlation coefficients from Table 2 are reproduced in the 5th column for ease of reference, along with their significance levels, and the partial correlation coefficients for the multiple regression model (6th column). The tolerance value is given in the last column. The tolerance for a variable is the proportion of the variance in that variable not accounted for by other independent variables in the model. A low value indicates that the variable contributes little to the model independent of the other variables, and is an indicator of multicollinearity.
NS, not significant (P>0.05); *P<0.05; **P<0.01; ***P<0.001.
placed between the teeth during cortically evoked rhythmic jaw movements (CRJMs) (Hidaka et al., 1997; Lavigne et al., 1987; Liu et al., 1998; Liu et al., 1993; Plesh et al., 1986) . If cycle duration increases with food hardness, why does mandibular loading time not reliably predict mandibular loading magnitude during rhythmic chewing? Variation in cycle duration need not necessarily translate into consistent variation in the duration of mandibular loading if changes in cycle duration are due to changes in opening and closing phase exclusive of the slow close/power stroke (SC/PS) phase (e.g. Plesh et al., 1986) . Moreover, although it has also been reported that increases in food hardness can be associated with increases in the duration of SC (Thexton and Hiiemae, 1997; Yamada and Yamamura, 1996) , SC duration need not be highly correlated with the durations of mandible loading and bite force generation (Hylander et al., 1987) . In essence, it is not necessary that jaw kinematics and jaw kinetics be closely coupled.
One necessary result of this apparent decoupling of mandible loading duration and chew cycle duration is that there must be variation in chew duty factor. In this study, chew duty factor did show significant correlations with strain magnitude in approximately 25% of experiments, but it did not explain significantly more variance in multiple regression models, and was usually not significantly related to strain magnitude when other variables were included. If some animals do increase chew duty factors when increasing strain magnitudes and bite forces (Yamada and Yamamura, 1996) , it is not a strategy adopted consistently within or across the mammalian species examined here (cf. Weijs and De Jongh, 1977) .
Several studies have shown that increases in food 'hardness' are associated with increases in EMG burst duration (Hidaka et al., 1997; Lavigne et al., 1987; Liu et al., 1993; Lund et al., 1998; Morimoto et al., 1989) . On the basis of these EMG data, it might seem reasonable to hypothesize that variation in bite force magnitudes in mammals is significantly correlated with variation in the duration of force generation. However, in those studies in which test strips of increasing hardness or steel balls were introduced between the teeth during CRJMs, increases in chew cycle time and durations of muscle activity were also accompanied by increases in muscle activity amplitudes (Hidaka et al., 1997; Lavigne et al., 1987; Liu et al., 1993; Lund et al., 1998; Morimoto et al., 1989) . Hidaka et al. also found that increases in bite force are not accompanied by increases in bite load duration, but only in load rate. Harder foods did not elicit significant increases in masseter burst duration [ fig.·11 in Liu et al. (Liu et al., 1993) ] although there were increases in burst amplitude, suggesting again that increases in rate of force development must be more important for increasing bite force magnitudes than duration of force development.
In sum, the data suggesting that increases in bite force during CRJMs are associated with increases in jaw closer muscle burst duration are quite limited, and are not obviously related to patterns of bite force modulation. Perhaps the most important question about these studies is whether force is modulated the same way during CRJMs in anesthetized animals as in mastication in awake, alert animals. These considerations require that we turn our attention to data from chewing in awake, alert animals.
Data from rabbits during rhythmic chewing show that burst durations in superficial masseter (measured from onset to offset) are longer during chewing of raw rice, of intermediate duration during pellet chewing, and shortest when chewing bread (Kakizaki et al., 2002; Weijs and Dantuma, 1981; Yamada and Haraguchi, 1995; Yamada and Yamamura, 1996) . In humans, increases in gum hardness are associated with increases in masseter muscle burst duration measured from onset to offset (Plesh et al., 1986) . [Other studies reporting changes in EMG activity with food hardness integrate the activity over various time periods, so the effect of hardness on burst durations cannot be definitively assessed (Agrawal et al., 1998; Foster et al., 2006; Lassauzay et al., 2000; Peyron et al., 2002; Plesh et al., 1986) .] In cats, foods more resistant to compression tests (raw beef versus cooked chicken) elicit higher EMG burst durations, amplitude and spikes per unit time in some adductor muscles and not others (Gorniak and Gans, 1980) . Although all of these studies report increases in overall EMG burst durations in association with increases in food hardness, they also report increases in burst amplitude. However, it is not clear that overall EMG burst durations are indicative of how muscle force is modulated during the loading phase, nor how this relates to bite force generation. Without explicitly considering the relationship between changing food hardness and the rate of muscle force recruitment during loading (estimated as amplitude/time from onset to peak), data on overall muscle burst duration do not contradict the hypothesized importance of rate-modulation of muscle and bite force.
Rate-modulation of bite force
Mandibular strain magnitudes are primarily increased by increasing the rate of loading, and only secondarily by increasing the duration of loading. Because variation in mandibular bone strain magnitudes is a reasonable proxy for variation in bite force (Hylander, 1986) , these results suggest that bite force is modulated primarily by increases in rate of force development, and only to a lesser extent by increases in the duration of force development. These results expand on observations on rabbits reported previously. Bone strain recorded from the mandibular corpus of rabbits during mastication revealed that the highest bone strain magnitudes were during pellet chewing and the lowest with carrot chewing (Weijs and De Jongh, 1977) . Pellet chewing was also associated with shorter absolute strain durations and longer cycle times, and hence shorter duty factors than during carrot chewing. This implies that the differences in strain magnitude between pellet and carrot chewing are accounted for by changes in strain rate. Subsequently it was shown that increasing vertically oriented muscle force (estimated from EMG) was also associated with increased rates of force development, rather than increased duration [ fig.·14 in Weijs and Dantuma (Weijs and Dantuma, 1981) ]. Transducer measures of bite force at anterior molars in rabbits during CRJMs also reveal that bite force is increased by increases in rate and not in the duration of force development (Hidaka et al., 1997) . The available data suggest that both mandibular corpus strain magnitudes and bite force magnitudes during mastication are achieved primarily by modulating the rate of force development.
This finding is congruent with current models of the orderly recruitment of motor units. In locomotor muscles, as the excitatory input to a pool of motor neurons increases, the small motor neurons, which innervate small motor units consisting of slow twitch fibers, are recruited first, followed by progressively larger motor neurons and motor units consisting of faster fiber types (Burke, 1994; Burke and Tsairis, 1974; Henneman and Olson, 1965; Henneman et al., 1965a; Henneman et al., 1965b; McPhedran et al., 1965; Mendell and Henneman, 1971; Wuerker et al., 1965) . Moreover, although the effect varies by muscle, in postcranial muscles motor unit recruitment is more important than motor unit firing rate in modulating muscle force output at low output levels (Fournier and Sieck, 1988; Hennig and Lomo, 1987; Tansey et al., 1996) . This suggests that at low force output levels, increases in muscle force during rhythmic locomotion are accompanied by increased rates of muscle force generation, as progressively faster motor units are recruited in progressively increasing proportions.
These motor unit recruitment principles also appear to be used by the masticatory system. In mammalian masticatory muscles, as in the locomotor muscles, force modulation at low force amplitudes appears to be predominantly via muscle fiber recruitment rather than rate modulation (Goldberg and Derfler, 1977; Hannam and McMillan, 1994; Scutter and Türker, 1998) . Mammalian masticatory muscles are not uniform in their fiber types (Anapol and Herring, 2000; Herring, 1994; Maxwell et al., 1979; Wall et al., 2006; Wall et al., 2005) , and a large number of studies suggest that smaller, slower motor units are recruited before larger, faster motor units (Clark et al., 1978; Desmedt and Godaux, 1979; Goldberg and Derfler, 1977; LevTov et al., 1993; Lund et al., 1979; Miles and Türker, 1986; Miles et al., 1987; van Eijden and Turkawski, 2001; Van Wessel et al., 2005; Wall et al., 2006; Wall et al., 2005; Yemm, 1977) . Thus, the evidence suggests that the generation of progressively higher bite forces during rhythmic mastication is achieved through increased recruitment of larger, faster motor units, resulting in increases in the rate of the generation of muscle force.
We note in passing that it is theoretically possible to explain rate-modulation of bite force with reference to the degree of synchrony of recruitment of whole muscles. The various jaw elevator muscles act asynchronously on the mandible during mastication, so increases in muscle force levels might be associated with increasing rate of force generation by increasing the temporal overlap in activity patterns of the jaw elevator muscles. This possibility can only be evaluated with EMG data, and this work is currently under way. However, it seems unlikely that this strategy is adopted as the asynchronous activity of the jaw adductor muscles is critical for achieving the C. F. Ross and others precise, three-dimensional movements of the mandible characteristic of mastication in the mammals studied here (Hylander and Johnson, 1994; Hylander et al., 1987; Weijs, 1994) . Increasing overlap of jaw adductor muscle activity might be expected to result in decreases in the transverse component of jaw movement characteristic of mastication in herbivorous mammals (Hiiemae, 1978; Hiiemae and Crompton, 1985) .
In sum, the principal mechanism by which mammals modulate bite force magnitudes during rhythmic mastication does not involve varying the time over which force is generated, either by increasing chew cycle time or chew duty factor. It must be emphasized that the results of this study do not exclude the possibility that increased bite force magnitudes are at least in part achieved by increases in the duration of force generation. However, it is clear that bite force is modulated primarily by variations in load rate, and only secondarily by variation in load duration.
We hypothesize that mammals do not use time-modulation of masticatory forces during rhythmic mastication because this would require variation in chew cycle time, and/or chew duty factor. The data presented here and elsewhere (Anderson et al., 2002; Weijs and De Jong, 1977) suggest that strain magnitude is only weakly correlated with chew cycle time. We suggest that significant variation in chew cycle time would be difficult to accommodate in the context of a central pattern generator producing rhythmic bursts of activity at a relatively constant frequency. We further hypothesize that rate modulation of masticatory force allows rhythmic movements to occur at a relatively constant frequency, with attendant advantages for motor control computation. Rate modulation of force production in other rhythmic behaviors, such as locomotion, may also be explained in the same way.
Unloading of the mandible during mastication
Across the mammals studied, it was also evident that strain magnitude was associated primarily with not only the rate at which the mandible is loaded during the power stroke, but also the rate at which it is unloaded. The rate and duration of jaw unloading are probably determined by the relaxation characteristics of the jaw elevator muscles (Hylander and Johnson, 1993; Hylander and Johnson, 1994; Hylander et al., 1987; Luschei and Goodwin, 1974) , and these relaxation characteristics are in turn affected by the order of derecruitment of motor units. The order of motor unit derecruitment in masticatory muscles is, to our knowledge, unstudied. In locomotor muscles, motor units are derecruited in the inverse order to which they were recruited (i.e. large, fast motor units are derecruited first, followed by small slow motor units), so that more highly recruited muscles will show higher rates of force drop off after peak than less highly recruited muscles. If this derecruitment principle also applies in the masticatory mucles, the rate of force drop-off after peak will be positively related to the activity level of the muscle. Therefore, if the unloading behavior of the mandible is indeed primarily affected by the relaxation characteristics of the jaw elevator muscles (Hylander and Johnson, 1993; Hylander and Johnson, 1994; Hylander et al., 1987; Luschei and Goodwin, 1974) , it seems reasonable to hypothesize that the correlation between bone strain amplitude and strain unloading rate in the mandibular corpus reflects the orderly derecruitment of muscle fibers in the mammalian masticatory muscles.
Conclusions
The mandibular corpus bone strain data presented here suggest that across a broad range of mammals, mandibular loading, and presumably bite force, magnitudes during rhythmic mastication are modulated primarily by modulating the rate of loading, rather than by loading duration. This suggests that muscle force recruitment in the masticatory apparatus during rhythmic chewing might be achieved in a manner paralleling the locomotor system: i.e. small, slow motor units are recruited first, and increases in force are achieved by recruiting progressively faster and larger motor units. Modulation of strain and force generation in rhythmic mastication primarily by changes in load rate has the advantage of enabling chewing frequency to remain more or less constant. This might have the advantage of simplifying computational tasks associated with modulation. We do not argue that this is the only way that force can be modulated during chewing. Indeed, time-modulation of chewing forces might be an appropriate during isometric biting, when the internal material properties of foods are unknown or unpredictable, such as when chewing on bones (Oron and Crompton, 1985) , or during the initial ingestive cycles of a chewing sequence. Comparison of force modulation during different feeding behaviors promises to provide insight into motor control strategies during feeding in vertebrates.
